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1.  Introduction

X-rays, discovered over a century ago [1], are widely used 
in applications such as healthcare, airport security, crystal-
lography [2], spectroscopy [3] and microfabrication [4]. In 
a traditional x-ray source electrons are accelerated using a 
multi-kilovolt bias voltage to then be slowed down by col-
liding with a dense material, producing ionizing radiation [5]. 
In many applications the size and weight of the x-ray source 
is not as important as other specifications such as photon flux, 
photon energy, stability, and reliability during long-term oper-
ation. However, smaller x-ray sources are a good fit when the 

target areas are small [6] or when the smaller dimensions and 
weight of the x-ray source enables desirable capabilities such 
as compactness or portability. For example, compact x-ray 
sources can revolutionize computerized tomography (CT) by 
making possible the implementation of a system with multiple 
x-ray sources that provides a wide range of information with 
reduced movement of the gantry [7].

Arguably, the most critical component of the x-ray source 
is the cathode because it is the driver of the process; the 
cathode supplies the electrons that produce the x-rays, and 
sets the time response of the overall system. State-of-the-art 
cathodes for x-ray sources are thermionic, that is, they ‘boil-
off’ electrons from a glowing filament. Thermionic cathodes 
are reliable and can steadily produce high currents; however, 
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a portable x-ray source would benefit from having a cathode 
that is more resilient to lower vacuum, compatible with 
operation in environments with traces of reacting gases, and 
capable of faster switching. Field emission electron sources, 
based on quantum tunneling of electrons into vacuum due to 
high surface electrostatic fields [8], are an attractive alterna-
tive to thermionic cathodes that fulfills these criteria. Field 
emission cathodes utilize sharp tips to produce high electric 
fields at low voltage, and typically involve a plurality of tips 
to increase and uniformize the emission. Field emission cath-
odes also consume less power than thermionic emitters [6], 
although this is not an important advantage for portable x-ray 
systems as most of the power dissipation occurs in the anode. 
Examples of reported field emission cathodes for x-ray 
sources include silicon [9, 10] and carbon nanotube (CNT) 
emitter arrays [11–13].

Compared to CNT-based cathodes, arrays of single-crystal, 
gated silicon tips are capable of producing higher current at 
lower voltages because the geometry of the emitter (height, 
tip diameter, orientation of the tip with respect to the sub-
strate) can be controlled better [9, 14, 15], which makes pos-
sible the fabrication with high yield of self-aligned proximal 
gates for large emitter arrays [16]; in addition, regulation of 
the current produced by each emitter can be achieved using 
the semiconductor material [17, 18]. Lack of control in the 
CNT growth can also lead to cathode-gate shorting, resulting 
in higher gate leakage and reduction of the power efficiency 
of the cathode [19]. Good uniformity of the tip radius across 
a field emitter array (FEA) is highly desirable because field 
emitted currents depend exponentially on the inverse of the tip 
radius and therefore, the variation on the tip radius across the 
array results in emission non-uniformity and array subutiliza-
tion [17]. Self-aligned, gated Si FEAs can turn on with as little 
as 30 V and emit mA-level current with 80 V emitter-gate bias 
voltage [16], compared to CNT cathodes that emit µA-level 
current at 300 V and require  >600 V emitter-gate bias voltage 
to produce mA-level current [19]; in this work, 1 mA current 
emission from a 62 500-FEA is demonstrated with  <150 V 
emitter-gate bias voltage.

The other critical component of an x-ray source is the 
anode because it is the structure that generates the x-rays. For 
reliability and vacuum compatibility, the anode must have a 
high melting temperature of at least 1000 K and should have 
moderate outgassing at a high temperature. There are two 
types of x-ray anodes, i.e. a transmission anode and reflec-
tion anode, depending on the direction of the x-rays used for 
imaging compared to the direction of the electron beam. In a 
transmission anode, the x-ray beam that is used for imaging 
comes from the back of the anode in the same direction of 
the electron beam, whereas in a reflection anode the x-ray 
beam comes from the surface directly hit by the electron beam 
and the two beams are roughly perpendicular to each other. 
Transmission anodes pose several advantages over reflection 
anodes, e.g. they are less affected by the so-called heel effect, 
i.e. a gradient in the intensity of the x-ray beam due to absorp-
tion of photons by the anode material with the larger inten-
sity of the beam located toward the cathode, which generates 
images with spatial non-uniformity.

We previously reported a tabletop x-ray source with a 
field emission cathode and a transmission anode that used a 
beryllium wafer coated with a thin Au film as x-ray generating 
material [10]. The cathode was composed of 10 independent 
arrays of 490 2.5 µm-tall, 5 nm-tip radius, single-crystal silicon 
tips with a 1.5 µm-thick gate oxide layer and a 500 nm-thick 
n-doped polysilicon gate with a 0.6 µm diameter self-aligned 
aperture. At a given time, only one array was used to emit 
electrons; the plurality of arrays provided cathode redundancy 
and was intended to increase the reliability of the x-ray source. 
The x-ray source was used to capture detailed absorption 
images of ex vivo samples. However, the x-ray source reported 
in [10] suffered from operational issues due to inadequate heat 
dissipation of the anode, resulting in short cathode life due 
to back-ion bombardment caused by the lower vacuum that 
ensued from the anode outgassing. In this work, the x-ray 
source uses a cathode composed of 2 independent arrays of 
62 500 Pt-coated, 2.5 µm-tall, 5 nm-tip radius, single-crystal 
silicon tips with a 2.5 µm-thick SiOx /SiNy gate dielectric layer 
and a nano-thick Pt film gate with 3 µm diameter self-aligned 
aperture; the array size is more than two orders of magnitude 
larger than the array size of the chip cathode reported in [10], 
requiring to produce a lot less current from each emitter to 
deliver the same current, which greatly improves the reli-
ability of the cathode. In addition, in this work the source 
uses a Cu rod coated with a 5 µm-thick Mo film to generate 
x-rays—a natural convection-cooled reflection anode with a 
larger thermal mass that addresses the cooling problems of 
the previous design.

An x-ray source produces ionizing radiation in two different 
ways: 1) the deceleration of high-energy electrons by collision 
with the dense anode material produces polychromatic pho-
tons known as bremsstrahlung x-rays; 2) the electronic transi-
tions of the anode material can also generate x-rays of a few 
specific frequencies, with intensities related to the frequency 
of the photons, the anode bias voltage, and the yield of the 
process. While polychromatic x-rays are widely used in most 
x-ray systems, it has been recognized that monochromatic 
x-rays can be used to capture better images [20] because every 
x-ray detector has an optimal energy level that maximizes its 
efficiency. However, implementing a truly monochromatic, 
portable x-ray source is challenging. Synchrotron sources 
for CT such as those described in [21, 22] are bulky, while 
other attempts using a filtration technique [23] or additional 
optical components such as mirrors and lenses [24, 25] are 
either inefficient or complicated. The best results for mono-
chromatic x-rays have been achieved by maximizing the con-
tribution from the characteristic peaks of the target anode as 
described in [10, 26]. Although the K-shell peak from Au and 
L-shell peak from Mo can be used for imaging, the K-shell 
peak from Mo has a higher energy than either of the two. The 
ratio of the Mo K-shell peak to the bremsstrahlung radiation 
can be optimized by adjusting the anode bias voltage.

An important parameter of an x-ray source for imaging 
is the number of x-ray photons available during exposure. 
Photon counting detectors are often used for measuring the 
total number of photons during exposure [27]. Doses in CT 
have been characterized and described in [28, 29]. In this 
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work, a small portable CdTe detector was used to obtain an 
estimate of the photo flux from the x-ray source. The ability 
to meaningfully calibrate an x-ray source using this technique 
is discussed in [30]. CdTe detectors are relatively inexpensive 
compared to photon counting detector panels and can be cali-
brated first with a radioactive source and then used for charac-
terizing x-ray generation.

2.  Description of the x-ray source

The x-ray source, shown in figure 1, is mounted on an optical 
breadboard and uses a 2.75-inch spherical cube as vacuum 
chamber with ~200 cm3 of internal space. The faces of the 
cube interface with the following hardware: (i) a custom-made 
high-voltage electrical feedthrough connected to the reflection 
anode, i.e. a 0.5 in diameter Cu bar with the end inside the 
chamber cut at 15°, coated with a 5 µm-thick Mo film; (ii) 
a beryllium window for transmission of x-rays outside the 
vacuum chamber; (iii) a 4-port SHV-5 electrical feedthrough 
to interface with the cathode chip; (iv) a 25 l s  −  1 ion pump 
connected to the chamber by a gate valve; (v) a glass window 
for visual inspection of the setup inside the vacuum chamber; 
and (vi) a gate valve to pump down the vacuum chamber 
until the pressure is low enough to activate the ion pump. The 
cathode chip has a custom-made holder (figure 2) with a stain-
less steel spring clip, isolated from the rest of the baseplate by 
a ceramic spacer, which connects one of the gate electrodes 
of the chip to one of the ports of the SHV-5 feedthrough. The 
electrical connection to the chip substrate was made directly 
through the baseplate, which is connected to another of the 
ports of the SHV-5 feedthrough. The cathode and the anode 
are placed on opposite flanges, while the x-ray window is at 
right angles to both. The ion pump maintains a base vacuum 
level of 10  −  10 Torr. The source weighs approximately 35 lbs. 
including the weight of the ion pump but without including 
the weight of the power supplies. The x-ray source uses a 
mix of standard and custom vacuum parts; further optimiza-
tion of the chamber can greatly reduce its weight and size. 
Two power supplies were used during the characterization 
of the x-ray source, i.e. the substrate of the chip was biased 
at a negative voltage using a Stanford Research Systems 
PS350 power supply that can deliver between 50 V and 5 kV, 
the anode voltage was supplied by a Matsusada high voltage 
power supply that can deliver 1–120 kV, and the gate electrode 
of the cathode chip was connected to the common ground.

The field emission chip used in this work is based on the 
technology reported in [31], which is capable of generating 
1.1 A cm  −  2 at a gate-emitter bias voltage of 300 V. The chip 
used in the x-ray source has two arrays of 62 500 emitters (i.e. 
two 250   ×   250 emitter arrays) with 10 µm emitter pitch; the 
arrays can be independently actuated and are meant to pro-
vide redundancy to the cathode to improve the reliability of 
the source. An SEM of a small cluster of emitters part of a 
62 500-FEA and a cross-section schematic of a field emission 
diode are shown in figure 3. Each emitter diode consists of 
a tip with 5 nm radius, surrounded by a gate aperture that is 
self-aligned, i.e. symmetric about the axis of the emitter tip. 
A 2.5 µm-thick SiOx/SiNy dielectric film stack separates the 

chip substrate from the gate electrode, which is a thin Pt film; 
the Pt film also covers the tip to protect it from back-ion sput-
tering. The nano-sharp tip generates a high electric field on its 
surface when a bias voltage is applied between the gate and 
the emitter. A thick gate dielectric is necessary so that it does 
not breakdown when a high electric field is applied across 
it during operation; the electric field in the dielectric should 
be a fraction of its breakdown field, which is approximately 
500 V μm  −  1 for SiO2 deposited using the plasma-enhanced 
chemical vapor deposition (PECVD) technique followed by 
annealing [32]. The breakdown field of the Si-rich SiNy is 
dependent on the concentration of Si and can vary from 250 
to 1,200 V μm  −  1 [33].

A schematic of the fabrication process flow of the cathode 
chip is shown in figure 4. The process flow uses an n-type, 
single-side-polished, single-crystal, 150 mm silicon wafer as 
substrate. First, 3 μm-tall pillars are etched on the substrate 
using reactive-ion etching (RIE) with HBr/Cl2 chemistry and 
a photoresist mask transferred with projection lithography 
(figure 4(a)). Next, a 3 μm-thick PECVD SiOx film is deposited 
on top of the pillars; the substrate is then annealed at 1000 °C 
for 3 h to improve the mechanical and electrical properties of 
the film, followed by a chemical mechanical polishing (CMP) 
step that removes the oxide film down to the level of the pil-
lars (figure 4(b)). Then, a 0.2 μm-thick thermal oxide film is 
grown (figure 4(c)). After that, a low-pressure chemical vapor 
deposited (LPCVD) SiNy film is deposited over the oxide 
film, and the SiNy film is patterned with the gate aperture fea-
tures using RIE with SF6 chemistry and a photoresist mask 
transferred with projection lithography (figure 4(d)). Another 
projection lithography is performed, this time with the fea-
tures that define emitter caps slightly smaller than the diam-
eter of the pillar, concentric to slightly larger gate aperture 
features; the mask is transferred to the film stack using RIE 
with a CF4 chemistry (figure 4(e)). The process continues by 
isotropically etching the pillars using RIE with an SF6 chem-
istry; the step creates partially sharpened tips with the oxide 
caps attached (figure 4( f )). For completing the sharpening of 
the tips, a dry oxidation step is performed (figure 4(g)), and 
the oxide film and oxide caps are etched away using buffered 
oxide etch (BOE). Finally, a thin Pt film is deposited using 
e-beam evaporation to create the gate electrode right on top of 
the SiNy film; the Pt film also coats the tips and makes them 
more resilient (figure 4(h)).

3.  Characterization of the cathode

Electrical characterization of the cathode chip in a triode 
configuration was performed in a separate ultra-high 
vacuum chamber where the base pressure is maintained 
at  <5   ×   10  −  10 Torr. A tungsten probe was used to make con-
tact to the gate electrode while the sample holder was used to 
bias a voltage to the chip substrate, i.e. emitters. The anode, 
i.e. collector, is a stainless steel cylinder suspended right in 
front of the active area of the chip. Source-measuring units 
(SMUs) Keithley 2657A were used to bias voltages to the 
anode, cathode and gate electrode, and to measure currents. 
Two kinds of experiments were performed to characterize the 
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chips. In the first kind of experiments, the gate electrode was 
biased at 0 V, the emitter substrate was biased at a negative 
voltage between 0 V and 120 V, and the collector was biased 
at +1000 V; typical current–voltage (I–V) characteristics col-
lected in these experiments are shown in figure 5. Startup volt-
ages as low as 32 V were measured. For gate-to-emitter bias 
voltages below 40 V, the gate current is dominated by leakage 
through the dielectric; the gate current reduces to about 0.1% 
of the emitter current when the gate-to-emitter bias voltage is 
above 80 V. For bias voltages above 117 V, mA-level currents 
were produced.

In a field emitter the current density J is given by [34, 35]

⎜ ⎟
⎛
⎝

⎞
⎠= −J a F

b

F
expFN

2 FN
� (1)

Where

⎜ ⎟
⎛
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⎞
⎠Φ Φ

=a
A

1.1
exp

10.4
FN 1/2� (2)
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Φ=b B0.95FN
3/2� (3)

where F, in V.cm  −  1, is the surface electric field at the emitter 
tip, Φ, in eV, is the workfunction of the material of the tip 
surface (in this case Pt), and A and B are constants equal to 
1.54   ×   10  −  6 A.eV.V  −  2 and 6.83   ×   107 eV  −  1.5. V.cm  −  1, respec-
tively. The local electric field F is related to the gate-to-emitter 
bias voltage VGE by β=F VGE where β is the field factor, 

approximately equal to × −R3.82 10  6
tip

0.89  cm  −  1 from simula-
tions of the electric field generated by the emitter diode using 
finite element analysis, where Rtip is the tip radius in nano-
meters. Therefore, the current field emitted I from a tip with 
emitting surface area α, in cm2, is
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From equation (4), field emitted current describes a straight 
line with slope  −bFN/β when plotted as I Vln( / )GE

2  versus −VGE
1. 

Analysis of the collector current shows that the current is field 
emitted (figure 6). From the slope of the Fowler-Nordheim 
plot, a field factor equal to 2.46   ×   106 cm  −  1 is obtained using 
6.35 eV as the workfunction of Pt. From the field factor, an 

Figure 1.  Portable x-ray source: assembled system (left) and schematic (right).

Figure 2.  Schematic of the chip holder.
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estimated emitter tip radius of 1.64 nm is obtained, which is 
on the same order of magnitude of the tip shown in figure 3.

The second kind of experiments entailed verifying that the 
chip can be continuously operated for periods of time orders of 
magnitude longer than the typical exposure time to capture an 
image (tens of seconds). In this case, the emitter current was 
set at 1 mA using current control on the SMU connected to the 
substrate, while the bias voltage of the gate electrode was set 
at 0 V and the bias voltage of the collector was set at +1000 V. 
The cathode operated continuously for almost 20 h (figure 7); 
the chip did not die during the test. During the first hours, 
the collector current fell because the gate leakage increased; 
however, after 5 h of continuous operation the level of the col-
lector current restored itself to eventually reach  >95% of the 
emitter current and stay like that for the rest of the experi-
ment. The gate-emitter bias voltage required to maintain the 

emission current at 1 mA decreased during this time, finishing 
at 143 V. The initial increase in gate current is possibly due to 
defect states present in the dielectric, leading to charge trap-
ping within those defects [36]; as the defect states get filled, 
there is a reduction in the rate of charge trapping, and conse-
quently, a reduction in gate leakage.

Figure 3.  Cluster of self-aligned, gated, Pt-coated silicon field emitter arrays with close-up of an emitter tip (left); cross-section schematic 
of field emitter diode (right). Rap is the aperture radius, and Htip is the vertical separation between the tip and the bottom of the nitride film.

Figure 4.  Schematic of process flow to fabricate field emitter array: 
(a) Si pillar formation; (b) SiOx deposition by PECVD followed by 
planarization using CMP; (c) thermal growth of SiO2; (d) silicon-
rich silicon nitride deposition by LPCVD and aperture patterning; 
(e) gate dielectric stack patterning and oxide cap formation; ( f ) Si 
isotropic etching for tip formation; (g) tip sharpening by thermal 
oxidation; (h) emitter release and Pt deposition.

Figure 5.  I–V characteristics of a FEA chip used in the x-ray 
source. The gate-emitter bias was swept from 0–120 V at 1 V steps 
in both directions while recording the emitter, gate and collector 
currents. There is hysteresis in the data as commonly occurs with 
field emission data.
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Figure 6.  Fowler–Nordheim plot of the collector current data 
shown in figure 5.
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4.  Characterization of the photon emission of the 
x-ray source

The x-rays from the source were characterized using an 
Amptek X-1-2-3 CdTe spectrometer following a technique 
similar to that described in [30]. Before characterizing the 
emission from the x-ray source, the spectrometer output, i.e. 
photon count at a given photon energy, was calibrated using a 
sealed Am241 source; the result of calibrating the data from the 
Am241 source as captured by the spectrometer at a distance of 
1.75 cm and exposure for 10 min is shown in figure 8.

Measuring the photon count from the x-ray source involved 
two stages of calibration, i.e. estimating the intrinsic and 
extrinsic efficiencies. The extrinsic efficiency is a measure of 
the fraction of the total number of photons generated by the 
source that reach the spectrometer–a function of the location 
of the source with respect to the detector. The intrinsic effi-
ciency is the fraction of photons, out of those that reach the 
spectrometer, that are measured by the detector. The 60 keV 
gamma rays from the Am241 sample were used for measuring 
the intrinsic efficiency; in the case of the spherical Am241 
source used for calibration, it can be assumed that photons 
are generated uniformly radially. The total number of 60 keV 

photons generated by Am241 in all directions is estimated by 
its decay rate; the sealed source of Am241 was rated for a radi-
ation of 0.1 μCi out of which 48.19% is γ radiation at 60 keV. 
This implies that approximately 1,370 60 keV γ photons per 
second are released in all directions. Thereafter, depending 
on the position of the source, the fraction of the total number 
of photons that should reach the detector is estimated. This 
fraction will be equal to the ratio between the solid angle sub-
tended by the active area of the detector (9 mm2) and the 4π 
solid angle of the Am241 source. The source-to-detector dis-
tance was varied in order to get multiple values of the intrinsic 
efficiency that should be approximately equal. From these 
measurements we estimate the intrinsic efficiency of the spec-
trometer at 97%.

The following considerations were made to estimate the 
extrinsic efficiency. Initially, the semiangle of the x-ray cone 
transmitted by the Be window was measured using the cir-
cular projection of the emitted x-ray beam on a CsI detector; 
the projections were captured at different distances from the 
source. From these projections, it was found that the x-ray 
cone roughly has a semi-angle of 8.5° which is equivalent to a 
solid angle of 0.069 sr. The x-ray spectrum was then captured 
with the CdTe spectrometer placed 130 cm away from x-ray 
source making an angle of  −2.5°, 0° and +2.5° with the axis 
of the x-ray cone. An average spectrum from these three posi-
tions was used for calculating the efficiency in order to account 
for the heel effect. At a distance of 130 cm, the active area of 
the spectrometer subtends a solid angle of 2.87   ×   10  −  6 sr. 
This gives us an extrinsic efficiency of 4.16   ×   10  −  5. Figure 9 

Figure 8.  Am241 spectrum with calibrated energy axis.
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Figure 9.  Schematic of the test setup used to collect the data to 
estimate the extrinsic efficiency and x-ray photon count.

Figure 7.  Emitter current, collector current, and gate-to-emitter 
bias voltage versus time for constant 1 mA emitter current.

Figure 10.  Transmission efficiency versus photon energy for x-rays 
through 0.25 mm of Be and 130 cm of air.
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shows a schematic (not drawn to scale) of the setup used to 
collect the data to estimate the extrinsic efficiency and x-ray 
photon count.

Besides the intrinsic and extrinsic efficiencies, x-rays 
have a transmission efficiency dependent on the energy 
of the photons, the media of transmission (in this case air 

and beryllium), and the distance traveled in each medium 
[37]. A graph of effective transmission efficiency versus 
x-ray energy for the setup used in this work is shown in 
figure 10. The beryllium window has a thickness of 0.25 mm 
while the separation between source and detector is 130 cm. 
Therefore, for x-ray photons with 25 keV energy, accounting 

Figure 11.  Spectral data for x-rays emitted at different anode bias voltages with an integration time of 5 s.
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Figure 12.  Simulated trajectories of 200 electrons at an anode voltage of (a) 25 kV, (b) 45 kV. The trajectories in red are electrons that 
eventually escape from the anode, while the trajectories in blue are electrons that stay within the anode material after slowing down.
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for the extrinsic efficiency, together with a transmission effi-
ciency of 91.5%, only 1 part in ~27 087 interacts with the 
spectrometer.

X-ray spectra were collected using a cathode current of 
15 µA while varying the anode bias voltage between 25 kV 
and 45 kV (figure 11). The spectra shown are the raw data 
collected from the spectrometer before correcting for the 
intrinsic efficiency, extrinsic efficiency and attenuation. Two 
large peaks corresponding to the Kα-shell and Kβ-shell tran-
sitions of molybdenum appear at approximately 17.4 and 
19.4 keV respectively. A smaller peak at 8.6 keV corresponds 
to the Kα-shell transition of copper; this peak could be caused 
by direct access of the electrons to the copper rod due to a 
discontinuous molybdenum film, or it could also be the result 
of the electrons getting through the molybdenum film and 
interacting with the copper right underneath. Simulations of 
the interaction of the electrons with the anode structure (a 
5 µm-thick molybdenum film on top of a copper substrate) 
were conducted using the Monte Carlo software CASINO 
[38] in order to ascertain the likelihood of electrons reaching 
the bulk copper after penetrating the molybdenum layer. 
Shown in figure  12 are the trajectories of electrons at two 
different energy levels. It was found that for an anode voltage 
of 45 kV, the electrons are not likely to go deeper than 3.2 µm 
while for an anode voltage of 25 kV, it can penetrate a depth 
of only about 1.2 µm. Therefore, we believe the molybdenum 
film has voids or is cracked, giving direct access of the copper 
material to the electrons. The 8.6 keV peak was unintended; 
however, fortunately, it does not significantly affect the prop-
erties of the x-ray source for capturing low-Z images as it is 
of lower energy and less intensity compared to the molyb-
denum peaks.

Using an intrinsic efficiency equal to 97% and an extrinsic 
efficiency equal to 4.16   ×   10  −  5, as previously estimated, 
and also correcting for the attenuation at different energy 
levels of the spectrum, the total photon production during 5 s 

is 5.31   ×   1010 photons, or 1.06   ×   1010 photons s  −  1 for the 
spectral data for 25 kV. By subtracting the photon count due to 
the Mo and Cu peaks from the overall photon count, we can 
derive the photon count due to the bremsstrahlung component 
of the spectrum. We used a  ±  1 keV window around each peak 
to estimate the photon count produced by the peak, which 
effectively included the bremsstrahlung radiation within the 
energy window as part of the photon count; however, the error 
introduced by this approximation is small.

Table 1 shows the photon count per second for the 
bremsstrahlung and the characteristic peaks of the x-ray spec-
trum at different anode voltages when current is set at 15 μA. 
In the data shown, attenuation in the Be window and in air are 
both accounted for. For the polychromatic bremsstrahlung 
component, the attenuation will vary depending on the 
energy of the x-ray photons. Data from figure 10 has been 
used to implement this correction. Table 2 shows the dosage 
for different values of anode current at an energy of 35 keV 
in terms of number of photons emitted from the x-ray source. 
Only the Kα-shell Mo peak (17.5 keV) has been counted in 
the table, although there will be contributions from Cu peak 
and bremsstrahlung in the total photon count. As expected, 
there is a linear relationship between the dose and the cathode 
current.

5.  Absorption images using the x-ray source

Shown in figure  13 are images of a computer mouse for a 
cathode current of 200 μA and anode bias voltage between 25 
and 50 kV. These images are fluoroscopic and were captured 
by exposing the sample for 60 s at 2 frames s  −  1 and then 
averaging all the captured frames. The image sensor used is 
a CsI detector made by Varian (PaxScan 4030 CB) with a 
pixel pitch of 194 µm and a fill factor of 70%. As the anode 
bias voltage increases, the brightness and the contrast of the 
image also increase; this is due to the overall larger produc-
tion of photons for larger anode bias voltage, in particular 
the production of high-energy photons from the fluores-
cence of the anode material. The absorption image captured 
using 35 kV anode bias voltage has better contrast than the 
images captured with lower and higher anode bias voltage; 
in particular, the absorption image captured with an anode 
bias voltage of 50 kV has more brightness but not better con-
trast. The set of images together with the spectral data in 
figure 11 suggest a correlation of contrast with the ratio of 
the characteristic peaks rather than the bremsstrahlung com-
ponent of the x-rays. Based on the data shown it table 1 it is 

Table 1.  Estimated x-ray photons/second from bremsstrahlung and characteristic peaks of the x-ray spectrum when anode current is 15 μA.

Energy (keV) Bremsstrahlung Kα-shell Cu peak Kα-shell Mo peak
Percentage of Kα-shell Mo 
peak in total photon flux

25 7.76   ×   109 9.52   ×   108 1.9   ×   109 17.90%
30 1.16   ×   1010 1.06   ×   109 3.8   ×   109 23.09%
35 1.45   ×   1010 1.06   ×   109 5.09   ×   109 24.65%
40 1.78   ×   1010 1.07   ×   109 5.49   ×   109 22.54%
45 1.94   ×   1010 8.88   ×   108 4.58   ×   109 18.42%

Table 2.  Tube current and corresponding Kα-shell Mo peak dosage 
for a 60 s exposure at 35 kV anode voltage.

Tube current (μA) Number of x-ray photons

150 3.05   ×   1012

200 4.06   ×   1012

250 5.08   ×   1012

330 6.70   ×   1012

400 8.12   ×   1012

450 9.15   ×   1012
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Figure 13.  Absorption x-ray images of a computer mouse using 200 μA with 25 kV (a), 30 kV (b), 35 kV (c), 40 kV (d), 45 kV (e) and 
50 kV ( f ) anode bias voltage.

Figure 14.  Absorption x-ray images of ex vivo human hand captured with anode bias voltage equal to 35 kV and cathode current equal to 
150 μA (a), 200 μA (b), 250 μA (c), 330 μA (d), 400 μA (e), and 450 μA ( f ).
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concluded that at around 35 kV anode bias voltage, the char-
acteristic Kα-shell molybdenum peak reaches a maximum in 
terms of fraction of the total photons emitted, suggesting that 
a more monochromatic photon beam yields better absorp-
tion imaging. The images of the mouse at 35 kV anode bias 
voltage and above show the layout of the PCB as well as the 
leads and wires. The smallest features in the images are the 
interconnect wires on the PCB, which are distinctly visible. 
The resolution of the image is limited by the pixel size of the 
detector (~160 µm) and we estimate the size of the wires to be 
on the order of the pixel size.

Images of an ex vivo human hand were captured at var-
ious cathode currents and anode bias voltage of 35 kV (figure 
14). Here again, the imaging mode is fluoroscopic with a 60 s 
exposure at 2 frames s  −  1 followed by frame averaging. While 
the metacarpus and phalanges are visible in all the images, 
the contrast between the low-Z muscle fibers and high-Z 
bone structures is better with increased dosage (at 250 μA and 
above). Comparing the image of the same ex vivo sample in 
[10] with those from figure 13, the porosity of the bones is 
more clearly visible in the former. However, the soft tissue 
structures, e.g. muscle fibers, are clearer in these images for 
cathode currents above 250 μA, suggesting that a Mo anode is 
better than a Au anode for imaging low-Z materials.

The x-ray source is capable of operating continuously 
for long periods of exposure, evidencing the stability of the 
system. Also, an absorption image captured with 250 μA 
cathode current for 60 s is equivalent to a dosage of 15 mA-s, 
which is of the same order required for radiographic absorp-
tion imaging with state-of-the-art x-ray sources (anywhere 
between 10–50 mA.s [39]). However, the cathodes in many 
x-ray sources used for imaging are capable of emitting tens of 
mA thereby reducing the required exposure time to a fraction 
of a second, which is highly desirable to avoid blurring the 
image due to movement of the patient. Nonetheless, the x-ray 
source described here could eventually reach that perfor-
mance; the cathode chip technology has been shown capable 
of emitting three-orders-of-magnitude larger currents than 
what was used in these experiments [31]; in order to be com-
patible with such large thermal loads, the x-ray source would 
require better pumping capacity and active cooling, the latter 
either using deionized water to be compatible with the high-
voltage anode or using less purified water with a grounded 
anode and a floating cathode.

6.  Conclusion

A portable x-ray generator that uses a nanostructured, silicon-
based, self-aligned FEA as electron source and a natural con-
vection-cooled reflection Mo-coated Cu anode was reported. 
The cathode was shown to emit 1 mA current with  <150 V 
during almost 20 h with no degradation and over 95% transmis-
sion. The x-ray spectra showed three characteristic peaks cor-
responding to the K-shell transitions of Cu and Mo. The source 
was shown to emit 3.39   ×   108 17.4 keV photons µA  −1 s  −1 at 
an anode bias voltage equal to 35 kV, which maximizes the 
characteristic Kα-shell Mo peak. Fluoroscopic images of a 

computer mouse and an ex vivo human hand were captured 
at different anode bias voltages and cathode currents, dem-
onstrating that absorption images captured using the optimal 
anode bias voltage for maximization of the x-ray fluorescence 
yield better contrast. Feature sizes as small as 160 µm were 
resolved in these images.
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